Abstract We have developed SWCNT sensors for airflow shear-stress measurement inside a polymethylmethacrylate (PMMA) ''micro-wind tunnel'' chip. An array of sensors is fabricated by using dielectrophoretic (DEP) technique to manipulate bundled single-walled carbon nanotubes (SWCNTs) across the gold microelectrodes on a PMMA substrate. The sensors are then integrated in a PMMA micro-wind tunnel, which is fabricated by SU-8 molding/hot-embossing technique. Since the sensors detect air flow by thermal transfer principle, we have first examined the I-V characteristics of the sensors and confirmed that self-heating effect occurs when the input voltage is above *1 V. We then performed the flow sensing experiment on the sensors using constant temperature (CT) configuration with input power of *230 lW. The voltage output of the sensors increases with the increasing flow rate in the micro-wind tunnel and the detectable volumetric flow is in the order of 1 9 10 -5 m 3 /s. We also found that the activation power of the sensors has a linear relation with 1/3 exponential power of the shear stress which is similar to conventional hot-wire and polysilicon types of convection-based shear-stress sensors. Moreover, measurements of sensors with different overheat ratios were compared, and results showed that sensor is more sensitive to the flow with a higher overheat ratio.
Introduction
A fluid flowing past a surface boundary exerts normal and tangential stresses on the surface. The tangential stress is called surface or wall shear stress (Hanratty and Cambell 1996) . The study of wall shear stress has been investigated for decades by fluid dynamicists, particularly in turbulent flows, because of its importance in determining the on-set of turbulence and in understanding fluidic drag phenomenon. Different measurement methods for wall shear stress such as the usage of Pitot tubes and hot-films were developed in the twentieth century and are commonly used by fluid dynamicists for experimental studies. Among all types of shear-stress measurement devices, hot-wire sensors are widely used because they induce relatively small disturbance to flow field. However, for conventional hotwire sensors, their complex fabrication techniques not only limit the size of the sensors, but also make mass production and integration difficult.
The advent of MEMS fabrication technology provides the opportunity to develop sensors possessing performance that greatly exceeds conventional macro-scale fabrication techniques. MEMS shear-stress sensors based on direct and indirect principles were demonstrated by Sheplak et al. (2004) and Naughton and Sheplak (2002) , respectively, for example. The former directly measure the shear force acting on a solid surface. This is typically achieved by employing a ''floating element'' balance, which is attached to either a displacement transducer or is part of a feedback force-rebalance configuration. Therefore, the fabrication process of these sensors is extremely complicated, inefficient, and time-consuming. Meanwhile, the sensors suffer from complex configuration, unacceptably large chip size (several millimeters on a side), and unstable mechanical properties due to environmental condition (e.g., moisture) variations (Goldberg et al. 1994; Padmanabhan et al. 1997; Schmidt et al. 1988) .
On the other hand, indirect techniques require an empirical or theoretical correlation, typically valid for very specific conditions, to relate the measured property to the wall shear stress. The MEMS community has produced a variety of indirect transduction schemes such as hot-film sensors and micro-optical systems to measure near wall velocity gradients. Among them is the thermal shear-stress sensor which measures flow-imposed surface shear stress based on the amount of convective heat transfer from an electrically heated sensing element to the surrounding fluid flow (Hanratty and Cambell 1996) . A MEMS thermal shear-stress sensor is typically *200 lm 9 200 lm in size with polysilicon sensing element of *150 lm long, 3 lm wide, and 0.5 lm thick. The large length-to-width ratio is necessary to ensure sensitivity preference in the direction normal to the length. Also, to minimize conduction heat loss to the substrate, a vacuum cavity is usually included underneath the sensing element. The MEMS thermal shear-stress sensors have been proven to be effective in both air (Liu et al. 1999; Xu et al. 2005 ) and aqueous flow (Xu et al. 2004) .
Obviously, with the use of MEMS technology, the size of shear-stress sensors has been greatly reduced, while uniform geometry and consistent performance have been improved in the past decade. However, as mentioned previously, the size of existing polysilicon sensors is still in 100 l range, which may not be suitable for some scientific applications that require smaller size sensors. In addition, the usage of highly doped polysilicon as the sensing material imposes severe constraints on the sensors' future development into effective micro/nano fluidic sensors for various applications. First, the size-limit of the polysilicon sensing element is defined by photolithography and etching processes, which currently have a resolution limit in the order of *0.5 lm. In order to handle fluidic measurements in nanometer scale, a much smaller sensing element would be necessary. Secondly, the highly doped polysilicon is a high-temperature material, which requires *1,000°C annealing step after doping (Liu et al. 1999) . This requirement has complicated the sensor fabrication process and limited the inclusion of temperature sensitive materials into the sensor design. And, a typical operating temperature of the polysilicon-based thermal shear-stress sensors is *150°C, which is a relative high temperature that will certainly disturb the flow-field around it during a measurement process. Finally, to achieve a reasonable sensitivity, the polysilicon sensors must dissipate relatively high power (in the range of mW); thus, the heat generation from the sensors may have an adverse effect on the flow-field it intends to sense through thermal convection, crippling their abilities to sense the true fluidic flow parameters. Hence, it is our long-term objective to develop extremely small and low-power dissipation shear-stress sensors that will minimize disturbance to the flow-field.
Actually, low operation temperature, low-power consumption, and minimized size are always crucial for flow sensor applications. The advantages of CNTs over conventional materials, such as small dimension, high mechanical strength, high electrical and thermal conductivities, and high surface-to-volume ratio, have already stimulated the utilization of CNTs as novel sensing materials for pressure (e.g., Fung et al. 2005a, b) , thermal (e.g., Wong and Li 2003) , gas (e.g., Kong et al. 2000) , and flow sensors (e.g., Sinha et al. 2006) . Hence, in the past few years, CNTs have drawn attention from worldwide researchers to investigate the possibility of using them as micro shear force/flow rate sensors. For example, a voltage in the order of mV was generated by an aqueous flow over single-walled carbon nanotube (SWCNT) bundles along the direction of flow. And, the magnitude of the voltage depended sensitively on the ionic conductivity and the polar nature of the aqueous medium (Ghosh et al. 2003) . Similarly, a flow-induced current on the surface of multi-walled carbon nanotube (MWCNT) thin films was experimentally found to closely depend upon the flow velocity and temperature of the aqueous medium (Liao et al. 2003) . The dominant mechanism responsible for the above two measurements involves a direct forcing of the free charge carriers in the nanotubes by fluctuating Coulombic field of the aqueous medium flowing past the nanotubes. In addition, a vertically oriented MWCNT-based flow sensor was developed to determine the shear force of fluid flow by monitoring the polarization and intensity of the transmitted light through the MWCNT mat (Ni et al. 2007) . In earlier publications, we have presented the utilization of CNTs for fluidic/thermal/pressure measurements (Wong and Li 2003; Fung et al. 2004; Fung, Zhang et al. 2005) , and later as a novel material for flow sensing Qu et al. 2008) .
In this paper, we will present our latest development of integrating CNT micro sensor array with a PMMA microfluidic system to sense wall shear stress inside a microchamber. CNT bundles were manipulated by DEP technique across the Au microelectrodes with a gap of *5 lm. Furthermore, the entire microfluidic system was made of polymer, which is bio-compatible and low cost.
The fabrication process was also in low temperature compared with the fabrication process of polysilicon devices. CNT sensors have already been proven by our group that they are capable to operate in low power range (*lW) (Fung et al. 2005b) , which means that CNT-based flow sensors can minimize the thermal disturbance to the bulk fluid motion. We will first present the operating principle and fabrication process of the SWCNT sensors. Then, I-V characteristics and thermal dependency of the sensors will be studied. The experimental setup of the flow sensing experiment will then be described, followed by experimental results which showed that SWCNT sensors responded to the air flow in the micro-wind tunnel with volumetric flow rate in the range of *1 9 10 -5 m 3 /s. Finally, we will also present the results of our investigation on dynamic sensor response and their sensitivity dependence on overheat ratio.
Operating principle of the CNT sensor
The operating principle of thermal shear-stress sensors has been well discussed (Hanratty and Cambell 1996; Liu et al. 1999; Xu et al. 2005) . In brief, a shear-stress sensor consists of a thermal element, which is located on the surface of the substrate and possesses a pronounced temperature dependence of resistivity. The thermal element resides within a velocity boundary layer in which the velocity changes from zero (at the wall) to the value of the meanstress flow. When current is applied to the thermal element, Joule heating will increase the temperature of the thermal element. And once the flow is introduced onto the heated element, due to the interaction between the flow and the heated element, the temperature of the heated element will be decreased. Thus, its resistance will decrease if it has a positive temperature coefficient of resistance (TCR) or increase while if it has a negative TCR. The rate of heat loss from a heated resistive element to the ambient is dependent on the velocity profile in the boundary layer.
A parameter governing the operation of a thermal principle-based sensor is the overheat ratio defined as:
where R is the resistance of the sensor at given power input and R S is the resistance at reference temperature.
The resistance R at temperature T is given by:
where a is the TCR of CNTs and T S is the reference temperature. Under a major assumption that the thermal boundary layer of the thermal element lies within the velocity boundary layer (Hanratty and Cambell 1996) , and several other assumptions (Liu et al. 1999) including (1) the thermal transfer in the span-wise direction can be ignored and (2) effects of natural convection are much smaller compared with forced convection. The relationship between shear stress and velocity is given by:
where l is the viscosity of the fluid and U y is the flow velocity at a distance y from the wall. The sensor is heated up to the operating temperature during the flow sensing experiment. The amount of heat loss from the sensor to the flow depends on the flow velocity. Since the sensor is operated in constant temperature (CT) configuration, when the sensor loses heat to the surrounding flow, its resistance changes, then a current is driven to the sensor to keep the sensor resistance constant. Under ohmic heating, the relationship between the shear stress, the input power, and temperature of the thermal element to the sensor for laminar flows can be typically described by:
where V, i, and R f are the activation voltage, activation current, and resistance of the sensor at given flow rate input, respectively. DT is the average temperature difference between the heated element and ambient, A is a fluid related constant, B is the heat loss to the substrate, and q is the density of the fluid. We will show later in this article that the SWCNT sensors developed by our team function according to the physical relationship as stated in the above equation.
Fabrication process of the integrated CNT sensor chip
The fabrication process of the CNT flow sensor chip and the micro-wind tunnel is illustrated in Fig. 1 . Polymethylmethacrylate (PMMA) was used as the device material because it is optically transparent, bio-compatible, and low-cost. A layer of Parylene C (*0.5 lm) was first deposited on the PMMA substrate to protect the PMMA substrate and improve the adhesion of gold (Au) to the substrate. Then, an array (19 in total) of Au microelectrodes was fabricated on the substrate by sputtering and photolithography process. The gap distance between each pair of microelectrode is about 2-5 lm. Commercial SWCNT bundles (Shenzhen Nanotech Port Co. Ltd., China) were then batch fabricated across the microelectrode array using dielectrophoretic (DEP) manipulation technique (Wong and Li 2003) . After the nanotubes were manipulated across the Au microelectrodes by DEP, the sensor was then annealed by a high current for several cycles to burn off those SWCNTs with weak adhesion with the Au microelectrodes. After annealing, the resistance of the sensor was stabilized. Furthermore, the dimensions of the Au microelectrode are 150 lm 9 5 lm 9 0.7 nm, and its resistance is only 1.05 X. This guarantees a low contact resistance between the SWCNTs and Au microelectrodes. Figure 2 shows a scanning electronic microscopic (SEM) image of the formed SWCNTs between a pair of Au microelectrodes.
The microchamber with width 4 mm, length 7 mm, and height 300 lm was fabricated by a customized SU-8 molding/hot-embossing process. A metal mould was first fabricated by using high-aspect ratio lithography, electroplating, and photoresist stripping. A layer of Au (*7,000Å ) was deposited on a PMMA substrate which served as a seed layer for the electroplating process. Then, a layer (*300 lm) of SU-8 was deposited and patterned on the Au layer by photolithography process. The height of the microchamber was defined by this SU-8 layer. After that, Nickel (Ni) was electroplated on the substrate. Nickel was chosen as the mould material because it is much harder than PMMA (Young's Modulus of Ni = 200 GPa). Then, the Ni mould was released from the substrate by photoresist stripping. The microchamber pattern was replicated from the Ni mould to another PMMA substrate by hot-embossing process . Finally, the embossed PMMA substrate was bonded to the PMMA substrate embedded with the SWCNT sensor array to form a closed microchamber by UV-epoxy. A prototype SWCNT flow sensor chip is shown in Fig. 3 .
Experimental results

Flow sensing experiment
The schematic of the experimental setup is shown in Fig. 4 . Air flow in the ''micro-wind tunnel,'' i.e., combination of microchannel and microchamber, was supplied by an air compressor. The pressure difference between the inlet and outlet of the microchannel was monitored. The volumetric The relationship between the inlet-outlet pressure differences of the ''micro-wind tunnel'' can be expressed as:
In a rectangular microchannel, the volume flow characteristic /(P) is then given by:
where l is the dynamic viscosity of air, w, h, and l are the width, height, and length of the microchannel, respectively. Equation 6 can be applied for all microchannels and the total volume flow characteristic of the chamber. Detailed description of flow in a nozzle can be found in (Koch et al. 2000) . The two main sources of the pressure drop across a nozzle can be estimated by combining the Hagen-Poisseuille's equations and a modified Bernoulli's equation: where the first term is the Hagen-Poisseuille equation applied to a duct with D o as the hydraulic diameter of the inlet of the nozzle (a is the taper angle, l is the length of the nozzle, l is the dynamic viscosity, q is the density of the fluid, P is the pressure difference, and / is the volume flow through the nozzle). The second term is the modified Bernoulli's equation, which is the sum of all additional pressure losses, with x sc as the head loss factor for the sudden contraction at the inlet of the nozzle, x gc as the head loss factor for the gradual contraction due to the pressure drop across the duct, and x se as the head loss factor for the sudden expansion at the outlet of the nozzle. In our experiment, the dimensions of the nozzle are D o = 461 lm, a = 26.56°, l = 3000 lm, l air = 1.837 9 10 -5 N s/m 2 , and q air = 1.25 kg/m 3 . Since there are no sudden contraction and expansion at the inlet and outlet of the nozzle, x sc = 0 and x se = 0. For the taper angles of 26.56°, the head loss factor is x gc = 0.1 (Koch et al. 2000) .
By using Eqs. 5-7, the volumetric flow rate of the microchannel can be calculated. The volumetric flow rate of the experiment ranges from 2 9 10 -5 to 1 9 10 -4 m 3 /s, and the flow inside the microchamber is laminar. The shear stress is related to the stream-wise pressure distribution in the microchamber by:
where P x is the local pressure, x is the stream-wise coordinate, and h is the height of the microchamber. From Eqs. 6 and 8, shear stress can be related to volumetric flow rate by:
where Q is the volumetric flow rate, l is the dynamic viscosity, h and w are the height and width of the microchamber, respectively. The relation between shear stress and volumetric flow rate in the microchamber is therefore linear given fixed h, w, and l. During the experiment, a sensor was biased at a current to achieve a known overheat ratio, which was calculated based on the corresponding I-V curve of the sensor from Eq. 1. A source meter (Model 2400, Keithley, US) was used to study the response of the sensor in CT mode. By varying the inlet pressure, the corresponding voltage output of the sensor from the CT mode circuit was investigated.
Temperature coefficient of resistance
In order to investigate the temperature dependence of the SWCNT sensors, the sensor chips packaged on a PCB were put inside a programmable oven (KBF-115, Binder Co., Germany), which temperature was controlled from 20 to 80°C with a constant humidity of 40%. Then the resistance change of the SWCNT sensors was measured against the temperature inside the oven. A typical TCR data of SWCNT sensor are shown in Fig. 6 for three cycles of measurements. Based on the experimental results, the TCR of the SWCNT sensors was determined according to Eq. 2. The tested sensor has an average negative TCR of *0.25%/°C. The temperature-resistance dependency of SWCNTs further implies its thermal sensing capability.
I-V characteristics and operation temperature
Since the flow measurement of the sensor is based on thermal transfer principle, it is important to characterize the sensor by studying its heat transfer and examining its I-V characteristics. The I-V characteristics of one sensor are shown in Fig. 7 . Three measurements were made on the same sensor and were compared with the Ohm's law expectation. The results show that the sensor responded non-linearly with the input voltage above *1 V. This indicates that self-heating effect occurred at the operation power range at the order of lW. We can further calculate the resistance overheat ratio a R based on the results shown in Fig. 7 using Eq. 1.
Self-heating effect is important in the flow measuring experiment as it ensures the sensor is heated up to its operating temperature. By using the TCR measurement of Fig. 5 Structure of a microchannel and microchamber used for airflow shear-stress measurement Fig. 6 The temperature coefficient of resistance (TCR) of SWCNTs SWCNTs (see Fig. 6 ), the operating temperature of the sensor can be estimated. During the flow sensing experiment, the sensors were heated with overheat ratios -0.09 and -0.13. By using Fig. 6 and Eq. 2, the operating temperatures of the sensors are *36.4 and *52.6°C, respectively. Therefore, overheat ratio is an important parameter in the flow measuring experiment. By varying the input current, we can perform the experiment with different overheat ratios and study the sensitivity of the response of the sensor toward the air flow.
Sensor response
The dynamic response of a sensor toward the air flow was investigated. The tested sensor was at position 13 in the sensor array, which was about 4 mm downstream from the microchannel inlet. The room temperature resistance (R 0 ) of the sensor was *21.9 kX. During the experiment, the sensor was heated with an overheat ratio of approximately -0.09. When the air flow started, heat was taken away by the air flow from the sensor and thus caused an increase with the sensor resistance. Then, a current was driven to the sensor by the CT program of the source meter to maintain its resistance at a constant value. The corresponding output voltage data were recorded. Thirty samples were recorded for each measurement. The time for each sample taken was 0.7 s. The change of output voltage versus time with different volumetric flow rates is shown in Fig. 8 . The range of the tested air-flow rate was 2.04 9 10 -5 to 6.83 9 10 -5 m 3 /s. The change of output voltage increased once the air started to flow. After 5-10 s, it reached to an equilibrium value. The sensor had a larger change of output voltage when the volumetric flow rate is larger. Moreover, the sensor took a longer time to reach its equilibrium with a larger air-flow rate. We can see that the sensor was sensitive to the flow velocity and had a very fast response. Although CNTs were demonstrated to detect various gas molecules, e.g., NO 2 , NH 3 , O 2 , and CO 2 (Kong et al. 2000; Ong et al. 2002) , our sensor responded to the air flow quite similarly as the conventional hot-wire anemometers. It responded to the air flow instantly and its change of output voltage reached equilibrium in only 10 s. Since in chemical sensing, the sensor usually takes a longer time (approximately several minutes) to respond, we can neglect the chemical influence of the gas molecules in the air flow to the sensor in our measurements. Three cycles of measurement were then conducted on the same sensor with the same overheat ratio of approximately -0.09. The output voltage after the sensor reached its equilibrium was taken as the response of the sensor to the air flow. The change of output voltage after the sensor reached its equilibrium is then plotted against volumetric flow rate as shown in Fig. 9 . Similar results were obtained from the three measurements, which show the sensor responses are quite repeatable. The change of voltage output increases sharply when the volumetric flow rate is below 5 9 10 -5 m 3 /s and further increases gradually when the volumetric flow rate is above 5 9 10 -5 m 3 /s. These results
show that more heat is transferred from the sensor to the air flow when the air-flow rate is increasing. The consistent and repeated response of the sensor to the air flow may indicate that the Au microelectrode-nanotube contact is not affected when the flow passes over the SWCNTs. This shows that the SWCNTs have a tight contact with the Au microelectrodes after the annealing process. We also investigated the sensor response to the shear stress. The power (P = (DV) 2 /R) is plotted as a function of 1/3 exponential power of shear stress (s 1/3 ), which the shear stress is calculated using Eq. 9. The results are shown in Fig. 10 . The power increases linearly with s 1/3 , which confirms the relation in Eq. 4. From these results, the sensing ability of CNT to gas-flow shear-stress measurement is proven.
Measurements with different overheat ratios
Two measurements were conducted on the same sensor with different overheat ratios to study the sensitivity of the SWCNT sensors. The results are shown in Figs. 11 and 12. The tested overheat ratios are -0.09 and -0.13, respectively. As expected, the response of the sensor towards the air flow is greater with a higher overheat ratio. The slopes of the curves are very similar, with a shift of voltage output of about 0.02 V. Furthermore, same as the results in the previous measurements, the sensor activation power increases linearly with the 1/3 exponential power of shear stress with both overheat ratios (for s 1/3 [ 2.35 Pa 1/3 when a R = -0.09; for s 1/3 [ 2.2 Pa 1/3 when a R = -0.13).
4.6
Comparison of different shear-stress sensors Table 1 summarizes the performance of our SWCNT sensors and other shear-stress sensors. We compared the floating element sensors and MEMS thermal sensors with our SWCNT thermal sensors. The floating element sensors have the greatest responsivity (*0.4 kV/Pa) among the three types of sensors (Naughton and Sheplak 2002) . ) for two different overheat ratios Meanwhile, the responsivity of the MEMS thermal sensors (*0.74 mV/kPa) (Liu et al. 1999; Xu et al. 2004 ) was one order of magnitude higher than our SWCNT sensors (*0.02 mV/kPa). Nevertheless, the dimensions of the SWCNT sensors were at least two orders of magnitude smaller than the other two sensors. This means that SWCNT sensors can be applied for ultra small devices for shear-stress measurement. We have also proven that the power consumption of the SWCNT sensors can be in the order of lW, which is at least 10 times lower than the conventional MEMS thermal sensors. Furthermore, the fabrication processes of SWCNT sensors are the simplest among all three types of sensors, which conserves the time and cost required for mass production.
Conclusion
We have demonstrated SWCNT sensors for air-flow shearstress measurement inside a PMMA ''micro-wind tunnel.'' Both SWCNT sensors and the PMMA micro-airflow system were integrated on a single chip so that calibration of the sensors could be performed in a relatively well-controlled environment. I-V characteristics of the sensors indicated that the sensors could be heated to an operating temperature of *36.4°C with *230 lW electrical input power. The SWCNTs sensors exhibited a negative TCR of approximately -0.25%/°C. Experimental results showed that sensors responded to air flow in the microchamber with volumetric flow rate in the order of 1 9 10 -5 m 3 /s. The power (DV 2 /R) required to activate the sensors was found to be linearly related to 1/3 exponential power of the shear stress (s 1/3 ). Flow sensing experiments with different overheat ratios were performed, which showed that the sensitivity of the sensors can be adjusted by the overheat ratio. In the future, we will develop a sensor array to study the flow profile at different positions in a micro-airflow system by recording several sensor data simultaneously.
